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Induction of mouse germ cells occurs from the proximal epiblast at around embryonic day (E) 7.0. These germ cells then migrate to, and
enter the gonads at about E10.5 after which they undergo epigenetic reprogramming including erasure of parental imprints. However, the
epigenetic properties acquired by nascent germ cells and the potential remodeling of these epigenetic marks in the subsequent migratory
period have been largely unexplored. Here we have used immunohistochemistry to examine several genome-wide epigenetic modifications
occurring in germ cells from their specification to their colonization of the genital ridges. We show that at around E8.0, germ cells
concomitantly and significantly reduce H3-K9 dimethylation and DNA methylation, two major repressive modifications for gene expression.
These events are preceded by the transient loss of all the DNA methyltransferases from their nuclei. By contrast, germ cells substantially
increase the levels of H3-K27 trimethylation, another repressive modification with more plasticity, at E8.5–9.0 and maintain this state until at
least E12.5. H3-K4 methylation and H3-K9 acetylation, modifications associated with transcriptionally permissive/active chromatin, are
similar in germ and surrounding somatic cells but germ cells transiently increase these marks sharply upon their entry into the genital ridge.
H3-K9 trimethylation, a hallmark of centromeric heterochromatin, is kept relatively constant during the periods examined. We suggest that
this orderly and extensive epigenetic reprogramming in premigratory and migratory germ cells might be necessary for their reacquisition of
underlying totipotency, for subsequent specific epigenetic remodeling, including the resetting of parental imprints, and for the production of
gametes with an appropriate epigenotype for supporting normal development.
D 2004 Elsevier Inc. All rights reserved.
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Germ line cells are exclusively programmed for the
creation of a new organism, allowing transmission of
original genetic information across generations. The unique
capacity of germ cells to fulfill this function relies on their
innate epigenetic reprogramming ability and their main-
tenance of underlying genomic totipotency (Surani, 2001).
This is particularly challenging in mammals in which the
germ line is derived from epiblast cells and is not
predetermined at fertilization as in many other organisms
(Saitou et al., 2003). In mice, the germ line epigenome
seems to be remodeled in a temporally and spatially
controlled manner throughout its development, which
ultimately leads to the formation of haploid gametes that
upon fusion initiate a new life. Perturbation of these
processes leads to abnormal embryonic development,
demonstrating the importance of epigenetic reprogramming
in the germ line (Li, 2002). However, the precise mecha-
nisms regulating these processes remain largely unknown.
Methylation of cytosine on the CpG dinucleotide is a key
epigenetic modification involved in the imposition of
differential epigenetic states on the genome, functionally
associated with parental imprints, control of gene expression
and genome structure (Bird, 2002). Generally, methylated
DNA acts as a repressive element for transcription by
creating a local heterochromatic structure (Li, 2002). CpG
methylation is highly concentrated at centromeric hetero-
chromatin and widely distributed throughout repressed
regions within euchromatin. DNA methyltransferases
(Dnmts: Dnmt1, Dnmt3a, Dnmt3b) are differentially
responsible for establishing and maintaining methyl-CpG
and disruption of these genes significantly perturbs genome-
wide DNA methylation patterns, leading to aberrant devel-
opment of homozygously null animals (Li et al., 1992;
Okano et al., 1999). Remarkably, recent molecular, bio-
chemical and genetic studies have identified another major
epigenetic determinant of gene expression, i.e., the covalent
modification of specific residues of histone N terminal tails
(Jenuwein and Allis, 2001). These modifications include
acetylation, phosphorylation, methylation, ubiquitination,
and ADP ribosylation. Amongst these, methylation of lysine
(K) residues of histone H3 has been shown to be important
in the creation of distinct chromatin domains and a family of
enzymes that have SET (Suv39, Enhancer of zeste,
Trithorax) domains responsible for histone methyltransfer-
ase (HMTase) activity has been identified (Lachner et al.,
2003). In general, dimethylation of H3-K9 mediated by G9a
is associated with repressed genes/regions in euchromatin,
and trimethylation of H3-K9 by Suv39h is concentrated at
centromeric heterochromatin (Peters et al., 2001, 2003;
Tachibana et al., 2002). In contrast, methylation of H3-K4
and acetylation of H3-K9 represent transcriptionally active/
permissive chromatin (Jenuwein and Allis, 2001). Enhancer
of zeste 2 (Ezh2) catalyzes repressive H3-K27 trimethyla-
tion on the inactive X chromosome and is also required forthe derivation and propagation of embryonic stem (ES) cells
(O’Carroll et al., 2001; Plath et al., 2003; Silva et al., 2003).
H3-K27 trimethylation is thus reasoned to be important for
the epigenetic plasticity of the pluripotent ES cell genome.
Importantly, it has been reported that disruption of H3-K9
methylation in Neurospora abolishes DNA methylation as
well, indicating a mechanistic interplay between these two
key epigenetic marks (Tamaru and Selker, 2001). By
contrast, in some cases, methylated DNA acts as a core
element to recruit histone modification complexes
(Hashimshony et al., 2003), and a mutation of a DNA
methyltransferase in Arabidopsis resulted in the reduced
levels of H3-K9 dimethylation (Soppe et al., 2002).
Combined these findings point to a presence of complex
molecular network that determines certain epigenetic states
of particular cell types.
Early development in mammals culminates in the estab-
lishment of a blastocyst that consists of extraembryonic
trophectoderm and pluripotent epiblast, from which all the
somatic cell lineages as well as the germ line arise. Upon
fertilization, the paternal genome is known to undergo active
genome-wide DNA demethylation that is followed by
passive replication-dependent demethylation of both the
paternal and maternal genomes after the 2-cell stage, which
continues until the morula stage, by which time the genome-
wide DNA methylation level is very low (Li, 2002; Mayer et
al., 2000; Oswald et al., 2000; Rougier et al., 1998). Genome-
wide H3-K9 dimethylation decreases in a similar manner,
reaching its lowest state at the 8-cell stage (Arney et al., 2002;
Liu et al., 2004). Thereafter, in the pluripotent epiblast,
Dnmt3a and 3b become active and the methylation levels in
the epiblast cells increase rapidly (Li, 2002; Watanabe et al.,
2002). Germ cells in mice are recruited from the proximal
epiblast cells in response to signaling molecules at around
embryonic day (E) 7.0 (Ginsburg et al., 1990; Lawson and
Hage, 1994; Lawson et al., 1999; Saitou et al., 2002).
Established germ cells start to migrate in the hindgut and
mesentery (Anderson et al., 2000), eventually colonizing the
differentiating genital ridges after E10.5. Between E10.5 and
E12.5, germ cells undergo unique and extensive epigenetic
reprogramming which appears to be equivalent in both sexes
(Hajkova et al., 2002; Molyneaux et al., 2001; Sato et al.,
2003; Tam et al., 1994). This reprogramming includes the
erasure of parental imprints, reactivation of inactive X
chromosome, and genome-wide CpG demethylation. How-
ever, the precise cellular and molecular mechanisms involved
in these events remain largely obscure. Moreover, epigenetic
properties that germ cells initially acquire upon specification
and their potential remodeling in the migratory stage have
been poorly resolved.
To address these issues, we have explored genome-wide
epigenetic modifications in mouse germ cells from their
specification to their entry into genital ridges using whole
mount immunohistochemistry. Our data show that in germ
cells the level of H3-K9 dimethylation decreases greatly at
around E8.0, and is temporally closely coupled to genome-
Y. Seki et al. / Developmental Biology 278 (2005) 440–458442wide demethylation of DNA. By contrast, H3-K27 trimethy-
lation is strongly enhanced from E8.5. The H3-K4 methyl-
ation and H3-K9 acetylation levels are comparable inmigrating germ cells and surrounding somatic cells but germ
cells sharply up-regulate both modifications at E10.5,
coincident with their colonization of the genital ridges. We
Y. Seki et al. / Developmental Biology 278 (2005) 440–458 443suggest that this extensive epigenetic reprogramming in early
germ cells is necessary to maintain their underlying
totipotency and might be prerequisite for subsequent specific
epigenetic remodeling, including the erasure and re-addition
of parental imprints. This complex germ-cell-specific epi-
genetic program is probably critical for appropriate germ line
development, which is ultimately required for the successful
development of a new generation.Materials and methods
Antibodies
The following antibodies were used at the indicated
dilution, and were obtained from indicated sources: rabbit
anti-dimethylated histone H3-K9 (1/500, Upstate); rabbit
anti-trimethyl histone H3-K9 (1/500, Upstate); rabbit anti-
trimethyl histone H3-K27 (1/500, Upstate); mouse anti-HP1
alpha (1/500, Chemicon); rabbit anti-acetylated H3-K9 (1/
500, Upstate); rabbit anti-methylated H3-K4 (1/500,
Upstate); mouse anti-beta-actin (1/5000, Abcam). Rabbit
anti-Stella antibody was described previously (Saitou et al.,
2002). The following antibodies were kindly provided by Dr.
Shoji Tajima and Dr. Isao Suetake, University of Osaka, and
were used at the indicated dilution: rabbit anti-Dnmt1 (1/
500), rabbit anti-Dnmt3a (1/500), and rabbit anti-Dnmt3b (1/
500). Mouse anti-methylated cytosine antibody (Sakai et al.,
2001) was used at a 1/100 dilution. Secondary antibodies
purchased from Molecular Probes were used at a 1/500
dilution. These secondary antibodies were Alexa Fluork 568
goat anti-rabbit IgG, Alexa Fluork 568 goat anti-mouse IgG
and Alexa Fluork 568 goat anti-mouse IgM.
Whole-mount immunofluorescence staining
Female ICR mice mated with male transgenic mice of
the GOF-18/deltaPE/GFP line were sacrificed at appropriate
stages (E7.0–12.5) to recover embryos. Embryos were
washed with PBS containing 0.1% BSA (SIGMA), fixed in
4% paraformaldehyde and then subjected to three 15-min
washes with PBST (PBS containing 0.05% Tween-20). The
embryos were incubated with primary antibodies in PBS
containing 5% skim milk and 1% Triton X-100 for 48 h at
48C. Embryos were then subjected to three 4-h washes with
PBST, and incubated with the Alexa Fluor 568 secondary
antibody in PBS containing 0.1% BSA and 1% Triton X-Fig. 1. H3-K9 dimethylation states in developing germ cells compared to those in su
reduced in germ cells at E8.0, and remain low until E12.5. Oct4DPE:GFP+ transgeni
12.5 (d, h, m, r, w) stained with anti-dimethylated H3-K9 antibody (red) and TOT
images were obtained at each stage and representative examples are shown. (a–d) Lo
by EGFP, (e–h) high magnification of images a–d, which were doubly stained with
which were all positive for Oct4, were doubly stained with anti-dimethylated H3-K
TOTO-3 staining. Arrowheads indicate germ cells. Scale bar in (d), 100 Am, in (w)
germ cells compared to those in neighboring somatic cells. The intensity of fluor
average value for 10 somatic cells at each stage was set as 1.0. At E8.0, germ ce100 and a 1/2500 dilution of TOTO-3 (Molecular Probes)
containing 100 Ag/ml of RNase A for 24 h at 48C. The
embryos were subjected to three 4-h washes with PBST for
4 h, mounted on cover slips and observed under a confocal
laser microscope (Leica). For the methylated cytosine
antibody reaction, the embryos were treated with 100 Ag/
ml RNase A in 2 SSC for 3 h at room temperature and
treated with 2 N HCl for 3 h.
Single-cell immunofluorescence staining
E12.5 genital ridges and E9.5 hindgut were washed with
PBS and treated with 0.05% trypsin/EDTA for 10 min at
378C. The resulting cell suspensions were put on poly-l-
lysine-coated glass slides and fixed with 4% paraformalde-
hyde for 15 min at 48C. The cells were permeabilized and
denatured for 1 h in 2 N HCl. After washing with PBS, the
cells were subsequently double stained with anti-Stella and
methylated cytosine antibodies. Then, the cells were washed
with PBS and incubated with secondary antibody containing
100 Ag/ml of Rnase and a 1/2500 dilution of TOTO-3 for 1 h.
Quantification of fluorescence intensity by laser-scanning
confocal microscopy
Fluorescence was detected using nonsaturating conditions
on a laser-scanning confocal microscope (Leica) and the
signal was quantified using an NIH-Image (National Insti-
tutes of Health, Bethesda, MD) as follows. The average
nucleus pixel value/unit area was subtracted from the average
cytoplasmic pixel value/unit. The average value of about 10
surrounding somatic cells was set as 1, and the average
fluorescence intensity of 10 germ cells was indicated relative
to this value with an error bar.
Western blotting
Genital ridges at E12.5 were dissected and dissociated in
0.25% trypsin for 15 min at 378C. The resulting cell
suspension was filtrated through a nylon mesh and sorted
using an EPICS ALTRA flow cytometer. GFP-positive and
-negative cells were lysed by SDS sample buffer (50 mM
Tris–HCl, 2% SDS, 10% Glycerol pH 6.8). Alternatively,
germ cells were enriched by magnetic immunoaffinity
isolation using antibodies against stage-specific embryonic
antigen 1 as described (Pesce and De Felici, 1995). The
resulting populations of germ cells were around 90% pure,rrounding somatic cells. The levels of H3-K9 dimethylation are significantly
c embryos at E6.5 (i, n, s), 8.0 (a, e, j, o, t), 9.5 (b, f, k, p, u), 10.5 (c, g, l, q, v)
O-3 (blue). GFP-positive cells (green) represent germ cells. More than 10
calization of germ cells at E8.0, 9.5, 10.5, and 12.5, respectively, visualized
anti-dimethylated H3-K9 (j–m) and TOTO-3 (o–r). Epiblast cells at E6.5
9 (i) and TOTO-3 (n). (s–w) Merged images of H3-K9 dimethylation and
10 Am. (B) Semiquantification of H3-K9 dimethylation levels in developing
escent signals was quantified as described in Materials and methods. The
lls showed either high (8.0 H) or low (8.0 L) dimethylated H3-K9 levels.,
,
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Proteins were separated on NuPAGEk 10% Bis–Tris gel
(Invitrogen), and blotted onto Immobilion transfer mem-
brane (Millipore). The primary antibody reactions were
performed according to standard protocols. Primary anti-
bodies were detected with anti-mouse-HRP or anti-rabbit
HRP (Jackson Immunoresearch) followed by ECL advance
detection.Results
To examine genome-wide chromatin modification states
of developing germ cells, we exploited whole-mount
immunohistochemistry combined with confocal micro-
scopic analysis, as this approach would allow direct
comparison of chromatin states of germ cells with those
of neighboring somatic cells. Since germ cells and
surrounding somatic cells share common precursors, com-
parison of these cells might provide important information
regarding the events associated with germ line specification.
We used embryos from Oct4 del PE: EGFP transgenic mice
to specifically locate germ cells after E7.5 (Yoshimizu et al.,
1999).
H3-K9 dimethylation is substantially down-regulated in
germ cells at around E8.0
Firstly, the distribution of H3-K9 dimethylation was
examined. It has been reported that dimethylated H3-K9
mainly associates with repressed genes/regions on euchro-
matic arms and, to a lesser extent, with centromeric
heterochromatin of interphase nuclei (Peters et al., 2003).
Proximal epiblast cells, from which both germ cells and
extraembryonic mesodermal cells arise, showed dispersed
dimethyl H3-K9 staining with many small foci in their
nuclei (Fig. 1Ai). Consistent with previous studies, the
majority of these foci did not co-localize with TOTO-3-
positive centromeric heterochromatin (Fig. 1An,s), sug-
gesting that these foci are on the euchromatic arms. The
nucleoli were devoid of the staining. We could not
observe any distinct cell types judging from theFig. 2. Genome-wide DNA methylation states in developing germ cells compare
demethylated at around E8.0. Oct4DPE:GFP+ transgenic embryos at E8.0 (b, f, j
antibody (red) and TOTO-3 (blue). GFP-positive cells (green) represent germ c
antibody (a). These E8.0 pre-migratory germ cells retained DNA methylation levels
migrating in the endoderm had lost their DNA methylation (b, f, n). More than 10
(m–p) Merged images of methylated cytosine and TOTO-3 staining. Embryos had
cytosine as an antigen (see Materials and methods), which resulted in rather diffus
Am. Dissociated germ cells and somatic cells were stained with anti-Stella antibody
merged images of methylated cytosine and TOTO-3 staining. (a–d) Represents c
germ cells. Scale bar in (h), 10 Am. Semiquantification of methylated cytosine leve
(a) shows quantification from whole-mount staining and (b) from single cell sta
Materials and methods. The average value for 10 somatic cells at each stage was se
methylation levels. At E12.5, DNA methylation levels were further down-regulated
demethylation of dimethylated H3-K9.distribution of H3-K9 dimethylation at this stage. At
E8.0, germ cells were specifically identified with bright
EGFP signals driven by a distal promoter of Oct4 (Fig.
1Aa,e) (Yoshimizu et al., 1999). The somatic hindgut
endoderm surrounding migrating germ cells exhibited
relatively uniform signals (Fig. 1Aj), the distribution of
which looked similar to those in other somatic cells in
the same embryos (data not shown). By contrast, we
observed that GFP-positive germ cells showed heteroge-
neous H3-K9 dimethylation signal intensities, which were
either relatively strong and comparable to those in
neighboring somatic cells, or very weak (Fig. 1Aj).
When we semiquantitatively measured the fluorescent
intensities (see Materials and methods), germ cells at this
stage were clearly found to exhibit either high or low
intensities (Fig. 1B). The signal distributions in germ cells
showing higher fluorescence were similar to those in
surrounding somatic cells. From E9.5 to E12.5, GFP-
positive germ cells consistently exhibited very low signals,
with lowest relative intensities at E9.5 (Figs. 1Ak–m,B).
The low staining in germ cells was not due to the specific
inaccessibility of the antibody to the germ cell nuclei, as
other antibodies against different histone modifications
demonstrated clear signals (see below). These findings
therefore suggest that germ cells actively remove the
majority of H3-K9 dimethylation at around E8.0, and then
maintain a constant low level until at least E12.5.
Genome-wide demethylation of DNA temporally couples to
demethylation of H3-K9
Germ cells have been reported to erase DNA
methylation of imprinted genes and some single copy
genes after their entry into genital ridges (Hajkova et al.,
2002; Sato et al., 2003). Centromeric LINE1-repeated
sequences were also shown to demethylate but IAP
elements were found to be more resistant (Lane et al.,
2003). However, little is known about the methylation
status of other highly and mildly repeated sequences,
which, due to their high GC content, may have a
significant impact on the overall level of genome
methylation (Sanford et al., 1984; Yoder et al., 1997).d to those in surrounding somatic cells. Germ cell genome is substantially
, n), 9.5 (c, g, k, o), 12.5 (d, h, l, p) were stained with anti-methylcytosine
ells. Germ cells at the base of allantois were also stained with anti-Stella
similar to neighboring somatic cells (a, e, m), while E8.0 germ cells already
images were obtained at each stage and representative examples are shown.
to be treated with HCl and RNase for a long time to expose the methylated
e staining of TOTO-3. Arrowheads point to germ cells. Scale bar in (p), 10
(a, e), anti-methylcytosine antibody (b, f), and TOTO-3 (c, g). (d, h) Shows
ells from E9.5 and (e–h) represents cells from E12.5. Arrowheads point to
ls in developing germ cells compared to those in neighboring somatic cells;
ining. The intensity of fluorescent signals was quantified as described in
t as 1.0. At E8.0, germ cells showed either high (8.0 H) or low (8.0 L) DNA
. Note that the timing of DNA demethylation at E8.0 coincides with that of
Y. Seki et al. / Developmental Biology 278 (2005) 440–458446These sequences include major satellite sequences within
mouse centromeres and the SINES. To analyze genome-
wide DNA methylation changes during germ cell devel-
opment, we stained embryos with an anti 5-methyl
cytosine antibody. At E8.0, extraembryonic mesodermal
somatic cells displayed several highly stained perinuclear
foci, highlighted against an overall lower nuclear signal
(Fig. 2Ae). Germ cells surrounded by these cells at the
base of allantois showed similar distribution and intensity
of the fluorescent signal (Fig. 2Aa,e), indicating that the
genome-wide DNA methylation level is comparable
between germ and somatic cells at this stage. However,
in embryos of a similar developmental stage, germ cells
already migrating in the hindgut endoderm showed
significantly reduced signal intensities (Fig. 2Ab,f). At
E9.5, all the migrating germ cells exhibited low DNA
methylation signals (Fig. 2c,g). These findings indicate
that at about E8.0 CpG methylation is substantially
removed from migrating germ cells. Significantly, the
timing of DNA demethylation looked similar to that of
demethylation of H3-K9 dimethylation, implying that a
mechanistic link exists between these two events. By
E12.5, when erasure of CpG methylation from imprinted
genes has been reported to occur, the level of genome-
wide DNA methylation appeared to be further down-
regulated (Figs. 2Ad,h and Ca), a result that is consistent
with the previous studies (Hajkova et al., 2002; Sato et
al., 2003). To confirm these whole-mount staining data,
we used the methyl cytosine antibody to stain E9.5 and
E12.5 dissociated single germ cells that were attached on
the same slide. This experiment confirmed that germ cells
already had very low DNA methylation levels at E9.5
(Figs. 2B and Cb), which seemed to be further reduced
by E12.5. These data, in combination with previous
reports, suggest that germ cells undergo a minimum of
two DNA demethylation processes, the first occurring at
around E8.0 and affecting the bulk of the genome and the
second occurring in the genital ridges at around E12.5,
which results in imprint erasure.Fig. 3. Expression of Dnmts in developing germ cells compared to those in surroun
(A) Oct4DPE:GFP+ transgenic embryos at E6.5 (e, j, o), 8.0 (a, f, k, p), 9.5 (b, g,
(red, e–i) and TOTO-3 (blue, j–n). GFP-positive cells (green, a–d) represent germ
Note that Dnmt1 expression in germ cells at the base of allantois at E8.0 was barely
(B) Oct4DPE:GFP+ transgenic embryos at E7.5 [early bud (EB) stage or late bud st
c, g, k). GFP strongly positive cells (green, a, e, i) most likely represent germ cells.
that presumptive germ cells at the EB stage retained Dnmt1 signal (a–d), which was
Scale bar in (h), 100 Am, in (l), 10 Am. (C) Oct4DPE:GFP+ transgenic embryos at E
s) stained with anti-Dnmt3a antibody (red, e–i) and TOTO-3 (blue, j–n). GFP-pos
TOTO-3 staining are shown in (o–s). Dnmt3a consistently showed low level or
substantial expression (h,i). Arrowheads indicate germ cells. Scale bar in (s), 10 Am
(b, g, l, q), 10.5 (c, h, m, r), and 12.5 (d, i, n, s) stained with anti-Dnmt3b antibody
germ cells. Merged images of Dnmt3b and TOTO-3 staining are shown in (o–s).
whereas somatic cells exhibited substantial expression especially at earlier stages
Arrowheads indicate germ cells. Scale bar in (s), 10 Am. (E) Oct4DPE:GFP+ trans
(red, b, f) and TOTO-3 (blue, c, g). GFP strongly positive cluster of cells (green, a,
staining are shown in (d, h). (e–h) are magnified images of (a–d), respectively. Dn
germ cells. Scale bar in (d), 100 Am, in (h), 10 Am.Transient loss of all the Dnmts in germ cells precedes DNA
demethylation
To gain some mechanistic insight into the DNA
demethylation we observed in germ cells, the expression
of three known DNA methyltransferases, Dnmt1, Dnmt3a,
and Dnmt3b in germ cells was examined. Interestingly, we
consistently found that the maintenance methyltransferase
Dnmt1 was transiently down-regulated in germ cells located
at the base of allantois at around E8.0 (Figs. 3Aa,f and Bf,j).
Dnmt1 was expressed at earlier stages (Fig. 3Bb) and the
absence of Dnmt1 from the germ cell nuclei lasts
approximately for 16 h, which roughly corresponds to the
cell cycle length of migratory germ cells (Tam and Snow,
1981). The de novo methyltransferase, Dnmt3b, was found
to be absent from germ cell nuclei from soon after germ line
specification until at least up to E12.5 (Figs. 3D,E). Dnmt3a
showed consistently low-level expression in germ cells (Fig.
3C). These observations revealed that germ cells transiently
lose all the known DNA methyltransferases at around E8.0
for about 16 h. Significantly, this loss of DNA methyl-
transferase activity coincides with the first round of DNA
demethylation and loss of H3-K9 dimethylation that we
observed in germ cells.
Specific up-regulation of H3-K27 trimethylation follows loss
of H3-K9 dimethylation and DNA demethylation
We then went on to analyze another repressive
modification, H3-K27 trimethylation, which is imposed
by Ezh2 and is essential for the initiation of X
chromosome inactivation and ES cell derivation from
inner cell mass (O’Carroll et al., 2001; Plath et al.,
2003; Silva et al., 2003). Ezh2 and its interacting partner
embryonic ectoderm development (Eed) are the most
highly conserved polycomb group (PcG) genes that are
involved in heritable epigenetic regulation of gene
expression, and the only known PcG members in
Caenorhabditis elegans, where they are indispensable inding somatic cells. Germ cells lose all the Dnmts transiently at around E8.0.
l, q), 10.5 (c, h, m, r), and 12.5 (d, i, n, s) stained with anti-Dnmt1 antibody
cells. Merged images of Dnmt1 and TOTO-3 staining are shown in (o–s).
detectable (a, f, p). Arrowheads indicate germ cells. Scale bar in (s), 10 Am.
age (LB)] stained with anti-Dnmt1 antibody (red, b, f, j) and TOTO-3 (blue,
Merged images of Dnmt1 and TOTO-3 staining are shown in (d, h, l). Note
substantially reduced at the LB stage (e–l). Arrowheads indicate germ cells.
6.5 (e, j, o), 8.0 (a, f, k, p), 9.5 (b, g, l, q), 10.5 (c, h, m, r), and 12.5 (d, i, n,
itive cells (green, a–d) represent germ cells. Merged images of Dnmt3a and
no expression in germ cells (e–i), whereas gonadal somatic cells exhibited
. (D) Oct4DPE:GFP+ transgenic embryos at E6.5 (e, j, o), 8.0 (a, f, k, p), 9.5
(red, e–i) and TOTO-3 (blue, j–n). GFP-positive cells (green, a–d) represent
Dnmt3b consistently showed low level or no expression in germ cells (f–i),
(e,f). Germ cells in the genital ridge had Dnmt3b in their cytoplasm (h,i).
genic embryos at E7.5 [early bud (EB)] stained with anti-Dnmt3b antibody
e) represent most likely germ cells. Merged images of Dnmt3b and TOTO-3
mt3b was absent from germ cells as early as EB stage. Arrowheads indicate
Y. Seki et al. / Developmental Biology 278 (2005) 440–458 447the germ line gene silencing (Holdeman et al., 1998;
Seydoux and Strome, 1999).
In the proximal epiblast cells, H3-K27 trimethylation
was highly concentrated in large single spots within the
nuclei that presumably mark the inactive X chromosome
(Fig. 4Ae). The very strong fluorescent signal in theseepiblast cells is consistent with the idea that random X
inactivation has recently been initiated in these cells (Silva
et al., 2003). At E8.0, hindgut somatic cells exhibited
similar single accumulations of H3-K27 trimethylation but
the fluorescent intensity appeared to be lower compared to
that of epiblast cells (Fig. 4Aa,f). By contrast, GFP-
Fig. 3 (continued).
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Fig. 4. H3-K27 trimethylation states in developing germ cells compared to those in surrounding somatic cells. (A) The levels of H3-K27 trimethylation are
significantly elevated in germ cells at E8.5–9.0, and remain high until E12.5. Oct4DPE:GFP+ transgenic embryos at E6.5 (e, j, o), 8.0 (a, f, k, p), 9.5 (b, g, l, q),
10.5 (c, h, m, r), and 12.5 (d, i, n, s) stained with anti trimethylated H3-K27 antibody (red, e–i) and TOTO-3 (blue, j–n). GFP-positive cells (green, a–d)
represent germ cells. Merged images of trimethylated H3-K27 and TOTO-3 staining are shown in (o–s). Note the significant up-regulation of H3-K27
trimethylation levels in germ cells at E9.5 (g). Arrowheads indicate germ cells. Scale bar in (s), 10 Am. (B) Semiquantification of H3-K27 trimethylation levels
in developing germ cells compared to those in neighboring somatic cells. The intensity of fluorescent signals was quantified as described in Materials and
methods. The average value for 10 somatic cells at each stage was set as 1.0.
Y. Seki et al. / Developmental Biology 278 (2005) 440–458 449positive germ cells did not consistently show. The weak,
overall nuclear signals in germ cells were comparable to
those of somatic cells. However, strikingly, in E9.5 germ
cells, we detected very intense H3-K27 staining that was
apparently more concentrated on euchromatic regions and
less obvious in TOTO-3 strongly positive centromericheterochromatic foci (Fig. 4Ab,g,l,q). This characteristic
distribution was maintained until at least up to E12.5 (Fig.
4Ac,d,h,i). E9.5 germ cells occasionally showed single
large spotted signals (Fig. 4Ag), which were presumably
marking the inactive X chromosomes, which were also
rarely observed at E12.5 (Fig. 4Ai). In contrast, the overall
Y. Seki et al. / Developmental Biology 278 (2005) 440–458450nuclear H3-K27 trimethylation level in somatic cells
remained low and single spotted signals were also
progressively lost (Fig. 4Ai). These observations indicate
that in somatic cells, H3-K27 trimethylation is confined
mainly to an X chromosome undergoing an initial phase of
inactivation, whereas in germ cells, this repressive mod-
ification covers entire euchromatic regions at very high
levels from E8.5–9.0.
To confirm these findings, we collected E12.5 male and
female germ and somatic cells from genital ridges using
FACS or magnetic beads, as well as epiblast cells for
western blot analysis. Consistent with our immunohisto-
chemical analyses, the level of dimethylated H3-K9 in germ
cells was found to be substantially lower than in somatic
cells, whereas the levels of H3-K27 trimethylation were
significantly higher in germ cells (Figs. 5A,B). These data
strongly support the validity of the immunohistochemical
procedure for the semiquantification of the antigen of
interest.
Taken together, these findings clearly demonstrate that
germ cells switch their genome-wide repressive mechanismFig. 5. Western blot analysis of H3-K9 dimethylation and H3-K27 trimethylation l
levels of H3-K9 dimethylation and H3-K27 trimethylation were compared between
by Western blot analyses. M denotes male and F denotes female. (B) Semiquantifi
cells at E6.5, male and female germ and somatic cells at E12.5. The relative valuon euchromatic regions from a H3-K9 dimethylated/DNA
methylated state to a H3-K27 trimethylated state at E8.5–
9.0. This might be linked to the reacquisition of the
epigenetic plasticity of germ line genome.
H3-K4 methylation and H3-K9 acetylation;
transcriptionally permissive germ cell nuclei
H3-K4 methylation and H3-K9 acetylation are typically
coupled to transcriptionally permissive/active chromatin,
and these two modifications mutually exclude H3-K9
methylation (Jenuwein and Allis, 2001). We therefore next
examined the distribution of these two epigenetic markers.
In E8.0 germ cells, as well as in proximal epiblast cells,
H3-K4 methylation was found to localize throughout the
euchromatic areas with many small foci but was largely
absent from TOTO-3 positive centromeric heterochromatin
and nucleoli (Fig. 6Aa,e,f,o,p). Nearby somatic cells
exhibited similar staining patterns and the level of
fluorescence was also relatively comparable between germ
cells and somatic cells (Fig. 6B). This was also true atevels in germ cells compared to surrounding somatic cells at E12.5. (A) The
epiblast cells at E6.5 and male and female germ and somatic cells at E12.5
cation of H3-K9 dimethylation and H3-K27 trimethylation levels in epiblast
e for epiblast was set as 1.0. M denotes male and F denotes female.
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specifically showed much higher fluorescence in compar-
ison to surrounding gonadal somatic cells, although the
signal distribution itself appeared indistinguishable (Figs.
6Ac,h and B). At E12.5, the level of H3-K4 methylation
seemed again similar in germ cells and somatic cells (Figs.
6Ad,i and B). Analysis of H3-K9 acetylation revealed very
similar distribution to H3-K4 methylation (Fig. 6C); E10.5
germ cells were also found to have much higher staining
than surrounding somatic cells (Figs. 6Cc,h and D). These
data indicate that germ cells have transcriptionally permis-
sive/active chromatin, which is relatively similar to that in
somatic cells during the migratory period, but as germ
cells enter the genital ridge they transiently establish a
hyperactive chromatin pattern.
Centromeric heterochromatin is relatively maintained in
germ cells
We next analyzed H3-K9 trimethylation, a modification
that specifically marks centromeric heterochromatin
(Peters et al., 2003). Staining of proximal epiblast cells
revealed H3-K9 trimethylation signals that were almost
exclusively concentrated at several foci which consistently
colocalized with TOTO-3 positive centromeric heterochro-
matin (Fig. 7e,j,o). At E8.0, GFP-labeled germ cells
showed similar H3-K9 trimethylation foci (Fig. 7a,f).
Although germ cells seemed to show somewhat lower
signals (Fig. 7B), the overall appearance of H3-K9
trimethylation distribution in germ and neighboring
somatic cells was relatively similar up to E12.5. We then
examined the distribution of HP1a, a protein that binds
methylated H3-K9 with high affinity and leads to
heterochromatin formation (Jacobs and Khorasanizadeh,
2002; Lachner et al., 2001). In proximal epiblast cells,
HP1a showed distinct concentration at TOTO-3-positive
centromeric heterochromatin, as well as wide distribution
in the nuclei, presumably reflecting dispersed localizations
of H3-K9 methylated repressed regions on euchromatic
arms (Fig. 7Ce,j,o). At E8.0, GFP-positive germ cells also
showed clear concentration at heterochromatic foci and
overall low level staining on euchromatin (Fig. 7Ca,f).
Interestingly, after E9.5, the HP1a signal that located on
presumptive euchromatic regions looked substantially
decreased (Fig. 7Cb–d,g–i), and although the concentra-
tion on centromeric heterochromatin was relatively main-
tained, the overall level of HP1a signal in germ cells
appeared lower than that in somatic cells (Fig. 7D). These
observations are consistent with the idea that in germ cells
HP1a remains concentrated on the centromeric hetero-
chromatin that retain H3-K9 trimethylation but is removed
from euchromatic arms that lose H3-K9 dimethylation and
acquire H3-K27 trimethylation.
Collectively, these data demonstrate that within euchro-
matic regions germ cells erase a repressive mechanism
operated by H3-K9 dimethylation and DNA methylation,and replace it with H3-K27 trimethylation, which is a
modification that may allow greater nuclear plasticity.
Transcriptionally permissive/active domains represented
by H3-K4 methylation and H3-K9 acetylation are kept
relatively constant but they appear to expand transiently
when germ cells colonize the genital ridges. The
structural integrity of centromeric heterochromatin created
by H3-K9 trimethylation and HP1a are maintained
relatively constant during early germ cell development,
although the entire level of these modifications looks
lower compared to those of somatic cells. This implies
that the extensive epigenetic modifications occurring on
germ cell euchromatin may partly influence those on the
centromeres.Discussion
We have provided evidence that early germ cells in mice
undergo extensive genome-wide DNA demathylation and
chromatin remodeling from soon after their birth in the
extraembryonic mesoderm (Fig. 8). This epigenetic reprog-
ramming might be necessary, as mouse germ cells arise from
epiblast cells that are initially advancing toward a somatic
cell fate (Saitou et al., 2002, 2003). Therefore, germ cell
specification may initially necessitate the erasure of epige-
netic modifications specific to somatic cell types and then the
establishment of germ-line-specific modifications. This
reprogramming appears to be precisely temporally coordi-
nated and is probably controlled by an underlying genetic
program, which is currently poorly understood.
We have shown that germ cells remove the majority of
genome-wide H3-K9 dimethylation at around E8.0 (Fig. 1).
This process appears to occur rapidly, as we observed that
germ cells at the base of allantois exclusively displayed high
levels of H3-K9 dimethylation, whereas migrating germ
cells in the hindgut either exhibit high or low levels of
methylation without exhibiting intermediate levels. There-
fore, it appears that germ cells acquire a mechanism to
swiftly and broadly erase this repressive modification from
the genome during their early development. Interestingly,
we found that at a similar stage, germ cells also largely
remove DNA methylation from their genome (Fig. 2). This
demethylation of DNA also seems to occur very rapidly.
The timing and sequence of these two events seems to be
well correlated, suggesting that these two events are
mechanistically linked. Previous studies have reported that
in Neurospora crassa and Arabidopsis thaliana, mutations
in H3-K9 methyltransferases disrupt not only histone
methylation but almost completely DNA methylation as
well (Jackson et al., 2002; Tamaru and Selker, 2001).
Furthermore, in mammalian cells, the methylase, Suv39h, is
required for DNA methylation at pericentromeric hetero-
chromatin (Lehnertz et al., 2003). In the fertilized oocyte,
the paternal pronucleus is known to undergo active DNA
demethylation that is preceded by the absence of H3-K9
Y. Seki et al. / Developmental Biology 278 (2005) 440–458452dimethylation (Liu et al., 2004; Mayer et al., 2000; Oswald
et al., 2000). These findings indicate that H3-K9 methyl-
ation is an upstream modification that controls DNAFig. 6. H3-K4 methylation and H3-K9 acetylation states in developing germ cel
modifications are acutely elevated in germ cells upon their entry into genital ridges
k, p), 9.5 (b, g, l, q), 10.5 (c, h, m, r) and 12.5 (d, i, n, s) stained with anti-methyl
(green, a–d) represent germ cells. Merged images of methylated H3-K4 and TOTO
(s), 10 Am. (B) Semiquantification of H3-K4 methylation levels in developing g
fluorescent signals was quantified as described in Materials and methods. The
Oct4DPE:GFP+ transgenic embryos at E6.5 (e, j, o), 8.0 (a, f, k, p), 9.5 (b, g, l, q
antibody (red, e–i) and TOTO-3 (blue, j–n). GFP-positive cells (green, a–d) represe
shown in (o–s). Arrowheads indicate germ cells. Scale bar in (s), 10 Am. (D) Semiq
to those in neighboring somatic cells. The intensity of fluorescent signals was qu
somatic cells at each stage was set as 1.0.methylation. However, there are also reports demonstrating
that methylated DNA can recruit histone methylation
complexes, thereby acting as a key element in initiatingls compared to those in surrounding somatic cells. (A) The levels of both
at E10.5. (A) Oct4DPE:GFP+ transgenic embryos at E6.5 (e, j, o), 8.0 (a, f,
ated H3-K4 antibody (red, e–i) and TOTO-3 (blue, j–n). GFP-positive cells
-3 staining are shown in (o–s). Arrowheads indicate germ cells. Scale bar in
erm cells compared to those in neighboring somatic cells. The intensity of
average value for ten somatic cells at each stage was set as 1.0. (C)
), 10.5 (c, h, m, r) and 12.5 (d, i, n, s) stained with anti-acetylated H3-K9
nt germ cells. Merged images of acetylated H3-K9 and TOTO-3 staining are
uantification of H3-K9 acetylation levels in developing germ cells compared
antified as described in Materials and methods. The average value for 10
Fig. 6 (continued).
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H3-K9 dimethylation (Hashimshony et al., 2003; Fujita et
al., 2003). Furthermore, a mutation in the DNA methyl-
transferase, MET1, in Arabidopsis results in the reduced
level of H3-K9 dimethylation (Soppe et al., 2002). There-
fore, apparently, DNA methylation can work as an upstream
element of H3-K9 methylation in some cases. It is therefore
important and necessary to determine precisely which event
precedes the other in developing germ cells. We found thatgerm cells transiently down-regulate the expression of all
the Dnmts before DNA demethylation takes place (Fig. 3).
This seems to last approximately 16 h, which corresponds to
the time required for one cell cycle in migrating germ cells
(Tam and Snow, 1981). It would therefore be possible that
replication-dependent loss of DNA methylation from a
single strand may be triggering a cue for both loss of H3-K9
dimethylation and further DNA demethylation. In any case,
it has became clear that early germ cells offer a good system
Y. Seki et al. / Developmental Biology 278 (2005) 440–458454in which to explore the molecular mechanisms of histone
and DNA demethylation, both of which present fundamen-
tal questions in epigenetic regulation.
We have also demonstrated that from about E8.5 germ
cells strongly up-regulate H3-K27 trimethylation (Fig. 4) on
their entire euchromatic region. H3-K27 trimethylation isFig. 7. H3-K9 trimethylation states and HP1a localization in developing germ
transgenic embryos at E6.5 (e, j, o), 8.0 (a, f, k, p), 9.5 (b, g, l, q), 10.5 (c, h, m, r) a
and TOTO-3 (blue, j–n). GFP-positive cells (green, a–d) represent germ cells. Merg
Arrowheads indicate germ cells. Scale bar in (s), 10 Am. (B) Semiquantification of
neighboring somatic cells. The intensity of fluorescent signals was quantified as de
each stage was set as 1.0. (C) Oct4DPE:GFP+ transgenic embryos at E6.5 (e, j, o), 8
anti-HP1a antibody (red, e–i) and TOTO-3 (blue, j–n). GFP-positive cells (green, a
shown in (o–s). Arrowheads indicate germ cells. Scale bar in (s), 10 Am. (D) Semi
neighboring somatic cells. The intensity of fluorescent signals was quantified as de
each stage was set as 1.0.another repressive modification mediated by Ezh2/Eed that
is strongly associated with all the euchromatin in early
blastomeres including the maternal pronucleus. Later, H3-
K27 trimethylation is selectively maintained in the pluri-
potent inner cell mass, but in the trophectoderm it becomes
exclusively concentrated on the inactive X chromosomecells compared to those in surrounding somatic cells. (A) Oct4DPE:GFP+
nd 12.5 (d, i, n, s) stained with anti-trimethylated H3-K9 antibody (red, e–i)
ed images of trimethylated H3-K9 and TOTO-3 staining are shown in (o–s).
H3-K9 trimethylation levels in developing germ cells compared to those in
scribed in Materials and methods. The average value for ten somatic cells at
.0 (a, f, k, p), 9.5 (b, g, l, q), 10.5 (c, h, m, r) and 12.5 (d, i, n, s) stained with
–d) represent germ cells. Merged images of HP1a and TOTO-3 staining are
quantification of HP1a levels in developing germ cells compared to those in
scribed in Materials and methods. The average value for 10 somatic cells at
Fig. 7 (continued).
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Subsequently, also in the epiblast, euchromatic H3-K27
trimethylation is lost and this modification becomes accu-
mulated only on the inactive X chromosome (Erhardt et al.,
2003). Therefore, euchromatic H3-K27 trimethylation is
apparently exploited for genome-wide repression in pluri-
potent cell lineages including early germ cells as well as
during the initial phase of X chromosome inactivation. Inthis context, it is interesting to note that ES cells can be
maintained in an undifferentiated state in the absence of
Suv39h and G9a (Lehnertz et al., 2003; Tachibana et al.,
2002), and associated centromeric H3-K9 trimethylation and
euchromatic H3-K9 dimethylation, respectively, whereas the
presence of Ezh2 and associated H3-K27 trimethylation is an
absolute requirement for ES cell derivation and propagation
(O’Carroll et al., 2001). It appears to be the case that
Fig. 8. Schematic representation of genome-wide reprogramming of chromatin modifications in germ cell development. The epigenetic remodeling occurring in
germ cell development is shown in combination with that during the developmental period up to germ cell specification. Only DNA methylation behavior is
shown for the early stages. After fertilization, the paternal genome undergoes active genome-wide DNA demethylation (I) that is followed by passive
replication-dependent demethylation of both the paternal and maternal genomes after the two-cell stage (II), which continues until the morula stage by which
time the genome-wide DNA methylation level has become very low. Imprinted genes escape this genome-wide DNA demethylation process. The genome-wide
H3-K9 dimethylation level decreases in a similar manner, reaching the lowest state also at the eight-cell stage. Thereafter, in the pluripotent epiblast, Dnmt3a
and 3b become active and the methylation levels in the epiblast cells increase rapidly, preparing for the differentiation of somatic lineages. Specified germ cells
(E7.0) appear to retain DNA methylation and dimethylated H3-K9 levels similar to those in surrounding somatic cells. However, rapid genome-wide removal
of these two modifications occurs specifically in germ cells at around E8.0. DNA methylation is further down-regulated in germ cells after their entry into
genital ridges. In contrast, H3-K27 trimethylation levels, of which genome-wide levels are low in the epiblast, elevate sharply in germ cells at around E8.5 and
are maintained until at least E12.5. In addition, the germ cell levels of H3-K4 methylation and H3-K9 acetylation are acutely and transiently up-regulated at
E10.5, when germ cells enter into genital ridges.
Y. Seki et al. / Developmental Biology 278 (2005) 440–458456compared to rather tightly packaged, stably repressed
heterochromatin generated by H3-K9 dimethylation and
DNA methylation, H3-K27 trimethylation creates a
repressed but more plastic state of chromatin that may be
able to respond to reprogramming cues more easily.
Consistently, it has been shown that an early inactive X
chromosome phase can be reversed when H3-K27 trimethy-
lation is the major modification but X-inactivation becomes
irreversible after H3-K9 is heavily dimethylated (Silva et al.,
2003). Therefore, the transition of a euchromatic repression
system consisting of H3-K9 dimethylation and DNA
methylation to that consisting of H3-K27 trimethylation
might herald the reacquisition of underlying totipotency in
germ cells.
Compared to the substantial alterations of repressive
modifications in their euchromatic regions, germ cells
maintain H3-K9 trimethylation and associated HP1a
localization at centromeric heterochromatin with relative
constancy throughout their development, although theirlevel appeared to be lower compared to neighboring
somatic cells (Fig. 7). This may contribute to retaining
the overall integrity of germ cell chromatin and chromo-
some structure while the genome is undergoing extensive
epigenetic modifications. H3-K4 methylation and H3-K9
acetylation, both associated with transcriptionally active/
permissive chromatin, are also relatively constant during
germ cell migration but are both highly up-regulated as
germ cells colonize the genital ridges (Fig. 6). When the
transcriptional states were monitored by staining with anti-
phospho serine2 of the C terminal domain of RNA
polymerase II (H5 antibody), germ cells in the genital
ridge showed similar intensity to that of somatic cells (data
not shown). This data suggests that germ cell chromatin is
highly decondensed in the genital ridges but is not
necessarily transcriptionally hyperactive.
It is of importance to note that the chromatin modifica-
tions in early germ cells in mice described here are
significantly different from those in C. elegans and D.
Y. Seki et al. / Developmental Biology 278 (2005) 440–458 457melanogaster (Schaner et al., 2003). In C. elegans, early
germ line precursors are transcriptionally inactive. However,
precursor blastomeres for germ cells (P1 to P3) that produce
one germ line and one somatic descendant at each cell
division exhibit transcriptionally permissive chromatin
states with genome-wide high level H3-K4 methylation.
This is presumably because these precursors still produce
somatic cells that have to start somatic transcription soon
after the cleavage (Seydoux and Strome, 1999). Transcrip-
tional quiescence in these germ line precursors is instead
maintained by the activity of germ-line-specific Zn finger
protein, PIE-1, which apparently inhibits transcriptional
elongation (Batchelder et al., 1999; Seydoux and Dunn,
1997). In contrast, the chromatin of the Z2 and Z3 cells that
produce two germ line cells after cell division exhibit a
transcriptionally inactive state with low levels of H3-K4
methylation. Thus, germ line precursors in C. elegans shift
their chromatin states from a transcriptionally permissive to
an inactive one at the P4 to Z2 and Z3 transition with
concomitant degradation of PIE-1 protein. The germ line
precursors in D. melanogaster, known as pole cells, are also
transcriptionally inactive (Seydoux and Dunn, 1997).
However, in contrast to C. elegans, their chromatin takes
a transcriptionally inactive state at the outset with high
levels of H3-K9 methylation (Schaner et al., 2003). This is
probably because pole cells only produce germ line cells
and thus are possibly epigenetically similar to P4 or Z2 and
Z3 cells in C. elegans. We have demonstrated that germ cell
chromatin in mice is intricately maintained in a dynamic
balance of active (H3-K4 methylated/H3-K9 acetylated) and
plastically repressive (H3-K27 trimethylated) states.
Increased complexity of epigenetic regulation in mice that
include the acquisition of parental imprinting and a
substantially different mode of early development and germ
cell specification may be responsible for these differences.
Recent studies have shown that both oocytes and sperm
can be derived from ES cells in vitro (Geijsen et al., 2004;
Hubner et al., 2003; Toyooka et al., 2003). However, it
remains unclear if these in vitro germ cells acquire
appropriate epigenotypes necessary for the successful
production of their progeny. Our study revealed that germ
cells in vivo undergo extensive yet highly ordered genome-
wide epigenetic reprogramming during their early develop-
ment. Perturbation of some of these processes may lead to
the formation of apparently morphologically dnormalT germ
cells but which contain inappropriate epigenotypes that
may produce gametes resulting in aberrant development.
Therefore, it is important to understand the essential
molecular mechanisms controlling epigenetic development
of normal in vivo germ cells in order to fully understand
and direct germ cell development in vitro. Considering that
epigenetic reprogramming in early germ cells occurs in a
highly ordered way during relatively a short period of time,
germ cells may acquire an intrinsic molecular program,
which establishes this epigenetic program when they are
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